Methicillin-resistant Staphylococcus aureus (MRSA) is a ubiquitous human inhabitant and one of the important pathogens of neonatal infections. MRSA is associated with significant mortality and morbidity, especially in very immature preterm neonates. Moreover, MRSA may be implicated in adverse long-term neonatal outcomes, posing a substantial disease burden. Recent advances in molecular microbiology have shed light on the evolution of MRSA population structure and virulence factors, which may contribute to MRSA epidemic waves worldwide. Equipped with remarkable genetic flexibility, MRSA has successfully developed resistance to an extensive range of antibiotics including vancomycin, as well as antiseptics. In the face of these new challenges from MRSA, our armamentarium of anti-infective strategies is very limited and largely dependent on prevention measures. Active surveillance cultures followed by decolonization may be a promising approach to control MRSA infections, with its efficacy and safety in the specific population of neonates yet to be addressed by large multicenter studies.
Introduction
Since the first reported case of methicillin-resistant Staphylococcus aureus (MRSA) infection in a neonate in the 1980s, MRSA has become a significant cause of neonatal morbidity and mortality [1] . Very immature preterm infants are particularly susceptible to MRSA infections, and neonates with a birth weight (BW) < 1,500 g may account for approximately 80% of all cases of neonatal MRSA infections [2, 3] . As demonstrated by a national cohort study in the USA, the incidence of infections due to MRSA remained stable over the last 2 decades at around 10 per 10,000 hospitalized infants, while that of infections caused by methicillin-susceptible Staphylococcus aureus remarkably decreased [3] . Moreover, recent epidemiologic studies have shed light on evolving MRSA clones and the increasing resistance of MRSA to antimicrobi-DOI: 10 .1159/000488582 al substances, indicating the remarkable adaptability of MRSA to anti-infective strategies and its significance as a successful global pathogen [4] . Until 2016, over 20 outbreaks of MRSA in neonatal intensive care units (NICU) have been reported worldwide, with the majority being located in Europe and the USA [5] [6] [7] [8] [9] [10] [11] . These challenges posed by MRSA prompt us to thoroughly and comprehensively investigate its epidemiology, clinical characteristics, and pathogenicity in order to reduce the burden of neonatal MRSA infections.
Literature Search
We searched PubMed for literature published from January 1, 1998, through February 1, 2018, using the following terms: "neonate" or "newborn" or "infant" or "preterm birth" or "preterm infant" or "premature birth," and "methicillin-resistant Staphylococcus aureus" or "Staphylococcus aureus." No language restriction was applied. The reference lists of the identified studies and review articles were searched for additional citations.
Neonatal MRSA Colonization and Infections
Current data on MRSA colonization in the general population is limited and mostly based on studies from developed regions. It has been demonstrated that approximately one third of the general population may be colonized by S. aureus [12, 13] . Neonates are likely to acquire S. aureus through the birth canal, breastfeeding, and contact with people and the surrounding environment [14, 15] . In one longitudinal study, colonization rates of S. aureus were reported to be 40-50% during the first 8 weeks of life, followed by a gradual decrease to around 20% at 6 months of age [14] . Similarly to adults, the prevalence of MRSA in the general neonatal population has been estimated to be 1.5% [13, 16] , with anterior nares being the predominant site of MRSA colonization [16] . Other parts of the body, such as the umbilicus, the pharynx, the axilla, the groin, and the perineum, harbor MRSA to a lesser extent [14, 16] . Current data demonstrate a higher MRSA colonization rate in hospitalized neonates than in the general neonatal population, ranging from 3.9 to 32% among institutions [5, 6, [17] [18] [19] [20] . This might be explained by the enhanced prevalence of MRSA in healthcare settings compared to the community [12] . In Europe, 8 out of 30 countries reported percentages of MRSA in invasive S. aureus isolates to be above 25% [21] . Besides, hospitalized neonates are in close contact with healthcare workers, whose MRSA carriage rate seems to be 2-3 times higher than in the general population [11, 22] . The wide interinstitutional variance in MRSA colonization rate may be explained by patient demographical characteristics, MRSA screening policies, infection control strategies, and, more importantly, the presence of an MRSA outbreak. Notably, neonates who are not colonized on NICU admission may acquire MRSA within a median of 9 days (range: 1-91 days) [6] , and the acquisition rate of MRSA during NICU hospitalization has been reported to be 6.1% (95% CI 2.8-10.6) [16] .
Approximately 1 out of 5 neonates colonized with MRSA may develop an infection [5, 6, 18, 19] , corresponding to a relative risk of 24.2 (95% CI 8.9-66.0) compared to noncolonized neonates [16] . The median time between MRSA colonization and the onset of infection may range from 4 to 9 days [18, 20] . Prematurity has been identified to be the principal risk factor for MRSA colonization and subsequent infections [2, 17, 19, 23] . The incidence of MRSA infections in neonates with a BW ≤1,000 g has been reported to be 53.4 per 10,000 infants, compared to 23.2, 7.9, and 5.0 per 10,000 infants in the BW categories of 1,001-1,500, 1,501-2,500, and > 2,500 g, respectively [2] . Other risk factors for MRSA infections include prolonged hospitalization, overcrowding and understaffing in neonatal wards, long-term use of respiratory support, intravascular catheters, antibiotics, and total parenteral nutrition, as well as surgical procedures [6, 18, 19] . The clinical manifestation of MRSA infections may range from mild focal infections, such as conjunctivitis and skin and soft tissue infections, to more severe forms like toxic shock syndrome [24] and even invasive infections such as sepsis, necrotizing pneumonia, meningitis, endocarditis, osteomyelitis, liver abscesses, and urinary tract infections [2, 18, 23, [25] [26] [27] . Sepsis, especially late-onset sepsis, is currently the most common manifestation of invasive MRSA infections, with one third of cases presenting as MRSA sepsis [2, 25] . However, though sporadically, early-onset sepsis caused by MRSA has been also reported in industrialized countries [23, 25] . Data from developing countries are lacking. It should be noted that clinical symptoms and signs at the onset of MRSA infections may be highly unspecific [23] , underscoring the importance of close patient monitoring and timely access to laboratory and microbiological diagnostics. Currently, the mortality rate of MRSA infections varies widely among institutions, ranging from about 2.9 to 28% [3, 9, 19, 23] . Although there seems to be no difference between MRSA and methicillin-susceptible S. aureus in terms of their clinical presentation and mortality [3, 23, 28] , neonates infected with MRSA may have a higher readmission rate and a longer infection course than MSSA cases [26, 29] .
Neonatal infections confer an increased risk of shortterm morbidity and mortality, as well as adverse longterm outcomes, especially in very immature preterm infants [30] [31] [32] . Few studies have provided pathogenspecific information on MRSA. However, there is a considerable amount of data on S. aureus being the second most common pathogen of neonatal late-onset sepsis in certain countries [33] , closely following coagulase-negative staphylococci [34] . As shown by limited populationbased studies, the incidence of S. aureus infections may be 0.6 per 1,000 live births [23] , 4.0-5.3 per 1,000 neonatal admissions, and 22 per 1,000 hospitalized very low BW (VLBW) infants [3, 23] , with MRSA accounting for approximately 28% of all S. aureus infections [3, 26] . In VLBW infants, those with gram-positive bacterial infections had a significantly higher risk of bronchopulmonary dysplasia and cerebral palsy than their counterparts without infections [30] [31] [32] . For infants with infections caused by non-coagulase-negative staphylococci grampositive bacteria, the adjusted OR of bronchopulmonary dysplasia was shown to be 1.41 (95% CI 1.18-1.68) [30] , and the adjusted OR of cerebral palsy appeared to range from 1.5 (95% CI 1.0-2.4) to 4.05 (95% CI 1.48-11.07) [31, 32] . Notably, intraventricular hemorrhage and infarction of the thalamus have been detected during or following S. aureus infection in VLBW infants [35] . The incidence of severe necrotizing enterocolitis and retinopathy of prematurity in very preterm infants with grampositive bacterial infections was demonstrated to be nearly 3 times higher than in noninfected controls [30] . Additionally, infections caused by non-coagulase-negative staphylococci gram-positive bacteria may be associated with a 2-fold increased risk of vision and head growth impairment compared to uninfected infants [32] . In light of the above information, the burden of short-term and long-term neonatal morbidity caused by MRSA may be substantial, especially in VLBW infants. In the future, multicenter studies are needed to depict the clinical picture of MRSA infections.
Dynamic Shift in MRSA Population
MRSA was first reported in the 1960s, and the resistance of MRSA to methicillin and other β-lactam antibiotics is obtained through a mobile genetic element named staphylococcal chromosome cassette mec (SCCmec) [4] . Until the 1990s, MRSA was considered to be prevalent only within healthcare settings [4] . Since then, epidemic waves of MRSA infections have been reported in communities across continents [4, 36] . Community-associated MRSA (CA-MRSA) is conventionally recognized to be more virulent but less resistant to antibiotics than healthcare-associated MRSA (HA-MRSA) [37] . Genotypic characteristics underlying this phenotype difference include the exclusive carriage of Panton-Valentine leukocidin and a higher expression of other toxins in CA-MRSA than in HA-MRSA [37, 38] . Additionally, small-sized SCCmec types such as IV, V, and VII are overrepresented in CA-MRSA, whereas most HA-MRSA strains carry larger SCCmec types I, II, and III [37] . However, the evolution and transmission of MRSA has contributed to the recent emergence of CA-MRSA in healthcare settings including NICU [4, 17, 18, 26, 36, 37] . Accumulating evidence demonstrates that the genotypic and phenotypic distinction between CA-MRSA and HA-MRSA may have become less clear-cut [4, [36] [37] [38] . Notably, livestock-associated MRSA has emerged as another important source of MRSA infections in communities and healthcare settings, especially in Europe, indicating the significance of zoonotic reservoirs in MRSA transmission [39] .
Pathogenic Factors of MRSA
In the past decade, epidemiologic studies have shown that the majority of MRSA infections worldwide are attributable to a limited number of clonal lineages [4, 38, 39] . The most common MRSA strains isolated in neonatal wards belong to sequence types (ST) 1, 5, 8, and 22 ( Fig. 1) [6-9, 17-19, 22, 40-44] . Many of these clones are characterized by the ability to form biofilm, toxin production, and genetic flexibility, which will be briefly introduced in the following section. For more details on MRSA virulence, readers are referred to a review elsewhere [45] .
Biofilm Formation
Biofilms are a community of bacteria and bacteriaproduced extracellular matrix [46] . They constitute a particular growth mode which protects bacteria from the attack of antimicrobial substances and the host immune system [46] . The predominant MRSA clones in the USA and Europe, i.e., ST8 and ST22, have been demonstrated to be strong biofilm producers [47] . The attachment and DOI: 10.1159/000488582 aggregation of MRSA on indwelling devices and host tissues is largely mediated via clumping factors and fibronectin-, elastin-, and collagen-binding proteins [45] . Apart from their roles in biofilm formation, these surface proteins may trigger an inflammatory response in the host, marked by the release of tumor necrosis factor-α, interleukin-1α (IL-1α), IL-1β, IL-6, and IL-10 [48, 49] . These inflammatory mediators may be implicated in the pathogenesis of S. aureus-induced endocarditis or arthritis, as demonstrated by animal experiments [48, 49] .
Toxins
MRSA produces a vast repertoire of toxins, including phenol-soluble modulins, leukotoxins (Panton-Valentine leukocidin, LukED, and LukAB/DH), hemolysins, exfoliative toxins, staphylococcal enterotoxins, and toxicshock syndrome toxin-1 [50] . Toxins may contribute to MRSA persistence in the host, relapse of infections, tissue damage, and the production of proinflammatory cytokines [47, 51, 52] . The neonatal immune response to MRSA has not been elucidated so far [53] . Some data suggest that neonates are prone to developing hyperinflammation during staphylococcal infections [54, 55] . Such imbalanced inflammation has been considered to be a key underlying mechanism of long-term neonatal morbidities, such as bronchopulmonary dysplasia, necrotizing enterocolitis, retinopathy of prematurity, and cerebral palsy [56] .
Genetic Flexibility
The hypervariable genetic background of MRSA mainly lies in its acquisition of mobile genetic elements [37] . The uptake of SCCmec type IV, a Panton-Valentine leukocidin-encoding locus, and an arginine cata- bolic mobile element by an ancestor ST8 strain results in USA300, which is considered to be the most widespread MRSA clone in the USA and some European countries [37] . While SCCmec and Panton-Valentine leukocidin equip USA300 with antibiotic resistance and invasiveness, the arginine catabolic mobile element contributes to immune evasion and the enhanced survival capacity of MRSA within the host [37, 57] . Another example is the virulence factor phenol soluble modulin-mec, which combines antibiotic resistance and toxin production [51] . Recently, a newly identified gene locus named sasX, which may contribute to MRSA nasal colonization, lung infections, and abscess formation, has been observed to spread from ST239 to other MRSA clones like ST5 [58] .
Treatment and Prevention of Neonatal MRSA Infections
Apart from β-lactam antibiotics, a wide range of other antibiotics have been demonstrated to exert a decreased efficacy against MRSA [2, 17] , largely due to bacterial genetic mutations and acquisition of plasmids [4, 59] . Although vancomycin is considered to be the drug of last resort for staphylococcal infections, vancomycin-intermediate S. aureus and even vancomycin-resistant S. aureus have been reported [59, 60] . The reduced susceptibility of vancomycin to MRSA poses a great challenge for anti-infective treatment of MRSA in neonates, as vancomycin is the empiric antibiotic of choice in neonates presenting with sepsis and extensive skin infections, especially in regions where the prevalence of MRSA is high [61, 62] . Approaches targeting virulent determinants of MRSA may be promising [50] , with their efficacy and safety yet to be validated in the neonatal population. So far, the best strategy to manage neonatal MRSA infections lies in prevention rather than treatment.
MRSA infections are largely preceded by MRSA colonization, and each additional day of exposure to an untreated colonized infant may increase the acquisition risk of MRSA by 6% [63] . Therefore, decolonization may prevent MRSA infections by eliminating the bacterial reservoir [64, 65] . A recent survey showed that 86% of NICU from 58 countries have adopted active surveillance cultures plus MRSA decolonization strategies using nasal mupirocin with or without antiseptic bath [66] . Active surveillance cultures and decolonization have contributed to a dramatic decrease in MRSA colonization and infections in some centers and seem to be cost-effective [67, 68] . However, in other centers, up to 50% of neonates may be persistently colonized or recolonized by MRSA, and a fraction of patients may still develop a subsequent infection despite decolonization [11, 63, 69] . Notably, the current MRSA decolonization protocol largely stems from guidelines for adults [65] , and robust evidence regarding its extrapolation to neonates is scarce [70] . Currently, the following questions on MRSA surveillance and decolonization in neonates are yet to be addressed: (1) the implementation of universal versus targeted active surveillance cultures in neonates at high risk for MRSA colonization and infection [10, 64] , (2) the definition of optimum surveillance time points to better identify colonized neonates [10, 64] , and (3) the benefit of screening extranasal sites for early identification of colonized infants [10, 16, 64] . Moreover, the importance of new screening methods, such as polymerase chain reaction and whole-genome sequencing, needs to be defined [6, 7, 10, 16, 64] . Since MRSA resistant to mupirocin and antiseptics have been reported [18, 44, 71] , the efficacy of nasal mupirocin application in primary and persistent MRSA decolonization warrants verification [10, 70, 72] , Finally, potential adverse effects of antiseptic baths, such as skin irritation and toxicity [73] , as well as nonantimicrobial strategies like maternal skin-to-skin contact for MRSA decolonization remain subjects of discussion [74] .
Apart from surveillance and decolonization, strict hand hygiene is universally recognized to be of primary importance in interrupting MRSA transmission [64, 65] . Other measures that may contribute to the prevention of MRSA infections include cohorting and isolation of MRSA-positive patients, barrier precautions, education of healthcare workers, avoidance of ward crowding, and, in some units, surveillance and decolonization of healthcare workers and visiting parents [6, 11, 22, 64, 65, 69] .
Conclusion
The enhanced survival rate of very immature preterm infants may contribute to a growing population of infants at risk for MRSA colonization and subsequent infections. Despite abundant data reported from neonatal wards around the world, there is a lack of multicenter or population-based studies to unravel the epidemiology and clinical characteristics of neonatal MRSA colonization and infections. Such data are imperative to accurately assess the disease burden of MRSA and to assist in decisionmaking processes regarding surveillance and prevention. DOI: 10.1159/000488582
Furthermore, new methods of MRSA detection and eradication are mandated to confront the rapid evolution of MRSA population structure and pathogenic factors. Due to the rising antibiotic resistance of MRSA and uncertainties in the efficacy and safety of decolonization strategies in neonates, the key to managing neonatal MRSA infections still lies in basic prevention measures.
Disclosure Statement

